habitat either a surface or a volume. The model is parametrised for nitrogen, but could be 140 applied to other limiting nutrients such as phosphorus. The studied food chain model is a 141 simplified version of the food web model, with only three species, a plant, a herbivore and a 142 carnivore. It is thus built with the same equations and the same parameters than the food web 143 model.
144
Figure 1: Schematic diagram of the modelled food web. The food web contains several primary producers and consumers forming a complex interaction network. It also includes two non-living compartments: mineral nutrients and detritus. Each organism excretes nutrients either directly as mineral nutrients (arrows on the left), or indirectly through the production of degradable detritus (arrows on the right). Stoichiometric rules ensure the conversions between the carbon based food web and the nutrient based compartments.
Predator-prey interactions in the allometric food web model

145
For modelling food web dynamics, one needs to model both the structure of the food web 146 (i.e. who eats whom) and the population dynamics within the food web. To define trophic 147 interactions between species (i.e. food web structure), we took inspiration from the approach of require additional assumptions on food web connectance (Petchey et al., 2008) . To each of the ), mass specific handling time h ij of species j by the consumer i is defined by:
With h i a time constant (calculation detailed in the section A1 of the supporting informations),
158
M j the body mass of the prey, M i the body mass of the consumer and b the maximum prey-159 predator body mass ratio above which the prey cannot be eaten. The handling time function 160 against prey body mass is U-shaped, handling time being minimal when prey body mass is 161 equal to b/2 × M j . We consider that predators can only interact with preys within the body- (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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In these equations, B i is the biomass of population i, G i is the nutrient-dependant growth rate 169 of primary producers, r i is the mass-specific maximum growth rate of primary producers, x i 170 is the mass-specific metabolic rate, β i is the intraspecific competition coefficient and e ij the 171 assimilation efficiency of species j by species i. Primary producer growth rates r i as well as 
With M i the body mass of species i and r and x allometric constants ( F ij represents the fraction of species j consumed by i and follows a Holling functional response:
Here B j represents the biomass of the prey j, q is the Hill exponent (the functional response is of The dynamics of foraging efforts were modelled through changes over time of the consumer 187 preferences ω ij according to the following equation:
Here, A represents the adaptive rate of the diet preference and g i the total growth rate of species 189 i defined such as 
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The dynamics of nutrients in the mineral and detritus compartment are described by:
(1 − e ij )B i F ij α Dij non assimilated biomass
We consider an open ecosystem where I is the constant input of nutrients (e.g. through erosion 201 or atmospheric deposition) and is the rate of loss of mineral nutrients and detritus (e.g.
202
through leaching, sedimentation).
203
The nutrient-dependant growth rate of primary producers is expressed as (DeAngelis, 1980;
204 DeAngelis et al., 1989):
where K i is the half saturation constant of nutrient up-take of primary producer i. 
212
We assume that the nutrients contained in the non-assimilated biomass (e ij fraction of the 213 eaten biomass) go in the detritus. 
11
The amount of nutrients released by species in the food web depends on their C:N ratio α i .
215
The carbon to nutrient ratio of non-assimilated biomass α Dij depends on both the C:N ratio 216 of the prey j and of the consumer i (calculation detailed in the section A1 of the supporting 217 informations):
Assessing nutrient cycling effects on stability food web dynamics and disentangle effects due to enrichment from effects due to presence of 222 additional loops, each food web is studied for three configurations of nutrient cycling (Fig. 2) . 
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With I the external nutrient input and I recy the average quantity of recycled nutrients.
234
In addition to the complex food web, a tri-trophic food chain (i.e. with three species) is build 235 to track the effects of nutrient cycling in a simpler system. The tri-trophic food chain is ruled
236
by the same equations than the complex food web except for the adaptive foraging that is not 237 relevant in such a model.
238
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. CC-BY 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. A fraction δ of nutrients is excreted as mineral nutrients (direct recycling on the left) and a fraction 1 − δ plus the fraction 1 − e of non ingested biomass are excreted as detritus (indirect recycling on the right). The total nutrient input I tot in the pool of mineral nutrients is the sum of the external nutrient input I and the recycled nutrient I recy . C) SC model. Food web without nutrient recycling but with corrected nutrient input that is equal to I recy . The resulting food web does not have the feedback loop induced by nutrient cycling but has an equivalent nutrient availability than in the food web with nutrient recycling. Note that the first version of our model (NC) is based on the C model where I recy is set to 0. 
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Results
262
Overall effects of nutrient cycling on food web dynamics
263
Nutrient cycling contributes to an important part of the total mineral inputs of nutrients in 264 the food web, and its contribution varies with the levels of external inputs of nutrients ( Fig.   265 3A), in parallel with variations of total biomass in the food web and primary production (see 
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273
Nutrient cycling affects the relationship between nutrient enrichment (i.e. external nutrient 274 inputs) and food web stability (Fig. 3) . First, it affects the relationship between species 275 persistence and nutrient enrichment (Fig. 3B) . In either food webs with and without nutrient Second, nutrient cycling affects the relation between the average coefficient of variation (CV) 286 of the species biomass and nutrient enrichment (Fig. 3C) . While the average CV of species 287 biomass increases monotonically with nutrient enrichment when there is no nutrient cycling,
288
it shows a saturating relationship in food webs with nutrient cycling. In this case, the CV of 289 species biomass increases at low input values but it stop increasing at high nutrient enrichment.
290
However, high CVs only occur in food webs with surviving consumers (Fig. A2-2B and A2-2D 2), the orange curve represents the NC food webs without nutrient cycling and the green curve represents the SC food webs without nutrient recycling but with a mineral nutrient input simulating the enrichment effect of nutrient cycling in the C food web. The dark grey domain emphasises the plateau of maximal species persistence in the C food webs. C) Effect of the external nutrient input I on the average coefficient of variation (CV) of species biomass (error bars represent the confidence interval of the mean) in C food web (brown) and in NC food webs (orange). Each point represents the average of simulated food webs where at least one species persists. The black curve represents the average CV of the quantity of recycled nutrients in C food webs. D) CV of the species biomass in C food webs versus in the SC food webs. Each dot represents the average CV of one species of one food web in its C and SC versions. The dashed red line is the bisector and the color scale represents the external nutrient input I.
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Influence of the recycling parameters 
CV of biomass
B
Figure 4: Effect of the recycling parameters d (detritus decomposition rate) and δ (fraction of direct recycling) in the complex food web model A) on species persistence and B) on the average coefficient of variation of the biomass of species for I = 10 and I = 40. In A), each square represents the average value for 100 replicates while in B) it represents the average value for persistent food webs only (i.e. food webs where at least one species persists).
Both the decomposition rate and the fraction of directly recycled nutrients affect species persis-297 tence and the coefficient of variation of species biomass (Fig. 4) . When I = 10, increasing the 298 decomposition rate d and the fraction of directly recycled nutrients δ, increases the persistence 299 (Fig. 4A) and the average CV of species biomass (Fig. 4B) . When I = 40, increasing d and δ 300
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322
The variability of species biomasses increases with nutrient inputs and with comparable CV 323 values in both the C and SC cases (see Fig. A2 -7B in the supporting informations). However, 324 a stabilising effect of the recycling loops, already observed in the food webs, appears more 325 clearly in the food chain model (Fig. 5B and Fig. A2-7C in supporting informations) . For low 326 nutrient inputs, the CV of biomass is higher in the SC food chain, especially for herbivores. In 327 addition, the herbivore and carnivore go extinct at lower threshold value of increased inputs 328 in the SC case than in the C case (Fig. 5A) . Contrary to what we found in the complex 329 food web model (Fig. 3C) , the temporal variabilities of the quantity of recycled nutrients and 
biomass and primary production (see Fig. A2-7D in supporting informations) decrease while herbivore and carnivore biomasses increases.
335
Discussion
336
By integrating nutrient cycling, our food web model allows to better link population dynamics 337 and ecosystem functioning. Results of this model highlight that nutrient cycling strongly affects 338 food web dynamics and its response to nutrient enrichment. We show that the effects of 339 nutrient cycling on food web stability are mostly due to the increased nutrient availability (i.e. These results are thoroughly discussed below and their sensitivity to the parameters (Table 1) 345 is tested in section A3 in the supporting information. 
serve two contrasting responses of species diversity and food web stability to increased nutrient 357 availability. While higher nutrient availability consistently increases the temporal variability 358 of species biomasses, it also increases species persistence in nutrient poor ecosystems (i.e. low 359 external nutrient inputs) but leads to decreased persistence at high inputs of nutrients. The 360 increase in persistence at low nutrient inputs is likely due to the increased persistence of species 361 at higher trophic levels (Fig. A2-2C ). Higher trophic levels are known to require a sufficient 362 ecosystem productivity (limited by nutrient availability) to meet their energetic requirement 
24
Our results highlight that effects of nutrient cycling on nutrient availability are key to under- Fig. A3-1C,D) . These interactions should be further disentangled through new simulations 396 manipulating independently rates of mineral nutrient and detritus loss that are set equal in 397 our model while higher losses for mineral nutrients than for detritus would be more realistic, 398 at least in terrestrial ecosystems.
400
Second, the amount of recycled nutrients depends on food web species biomass and on primary 401 production, which increases linearly with nutrient inputs (Loreau, 2010) . In fact, nutrient 402 uptake by producers necessarily balances nutrient losses from all trophic levels at equilibrium 
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The copyright holder for this preprint . http://dx.doi.org/10.1101/276592 doi: bioRxiv preprint first posted online Mar. 5, 2018; consumers because of their larger body mass, consumers also strongly contribute to recycling through nutrient losses associated to feeding inefficiency, This is particularly true for herbivores 408 whose assimilation efficiency is low (e ij = 0.45) so that they produce a lot of detritus by 409 consuming primary producers, as also emphasised by previous ecosystem models ( Leroux & 410 Loreau, 2010; Krumins et al., 2015) . However, at high nutrient input, food webs are dominated 411 by primary producers, which become the main contributors to nutrient cycling. In such case, 412 primary producers release large amounts of detritus and nutriments due to high metabolism 413 rates and large density dependant mortalities (Fig. A2-4) . At high external nutrient inputs, 414 the total quantity of recycled nutrients is lower for food webs with higher trophic levels ( Though we found that nutrient cycling mostly destabilises food web through an enrichment 435 effect, we also find stabilising effects of nutrient cycling through feedback loops from all trophic 436 levels to primary producers and these effects were much stronger in our food chain model than 437 in our food web model. These stabilising effects were visible through the decrease of the tempo-438 ral variability of species biomasses between the SC and C models (Fig. A2-7 A,C) that compare 439 the effects of the addition of nutrients by nutrient cycling with and without the feedback loops. to relatively low efficiency of herbivore consumption especially (Fig. A2-7C ). This increased 447 nutrient availability boosts primary production and compensates for the increased mortality 448 due to grazing. On the contrary, when the herbivore and the predator biomasses decrease, 449 the quantity of recycled nutrients is lower which limits the increase of primary producers due 450 to a reduced mortality (Fig. A2-7D and Fig. A2-8) . Similar results have been described by portant source of nutrient and more likely might lead to destabilising effects.
505
The predictions of our model should be tested experimentally. For example, it would be possi-506 ble in mesocosms to manipulate both inputs of mineral nutrients and the efficiency of nutrient 507 cycling (Harrault et al., 2014) , e.g. exporting an increasing proportion of detritus, and to mea-508 sure the response in terms of food web functioning and stability. It would also be interesting 509 to compare food webs of different types of natural ecosystem with contrasting nutrient cycling 510 and mineralisation rates. Typically, our model probably better corresponds to an aquatic food 511 web (i.e. fully size-structured web) and aquatic and terrestrial food webs should be compared.
512
It should be noted that the role of detritus cannot be fully appreciated in our model because 
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